This investigation uses a recent methodology, essentially based on our evolutionary algorithm (EA) to get new insights about the energetics and structure of the first solvation shells of lithium ion in polar solvents that form important hydrogen bonds. We employed the EA to search for the low-energy structures of the Li + (H 2 O) n and Li + (CH 3 OH) n clusters (with n ≤ 20) as modeled by commonly used rigid nonpolarizable force-field potentials. Particular emphasis is given to the characterization of the putative global minima; for Li + (CH 3 OH) 17 , the EA discovered a new global minimum with five water molecules directly coordinating the ion. Smaller-size clusters were, then, re-optimized by employing electronic structure methods, namely, DFT (with the B3LYP functional and both the 6-31+G * and 6-311+G * * basis sets) and MP2 (with the aug-cc-pVDZ basis set). In the case of Li + (H 2 O) n , the ab initio global minimum structures are similar to those obtained with the EA up to n = 10. However, for n = 17, the structure of the global minimum discovered by the EA is different from the lowest-energy cluster obtained after re-optimization at the MP2/aug-cc-pVDZ level of theory. Such energy reorder may be attributed to the water-water interaction. As for the Li + (CH 3 OH) n clusters, the re-optimization process leads more often to a reorder in the energy of the minimum structures. Thus, for fluxional clusters like the Li + (CH 3 OH) n ones that show a huge number of stationary configurations within a small energy window, it is mandatory to carefully choose various structures, besides the global minimum, to be re-optimized at the ab initio or DFT levels. Due to the difficulty on choosing adequate departing structures by the usually employed chemical intuition, we noticed that some low-energy minima (including the global one) of even small Li + (CH 3 OH) n clusters were missed in literature. We showcase this problem in the Li + (CH 3 OH) 6 cluster, whose vibrational frequencies in the C-O stretching region and corresponding infrared intensities were calculated at the DFT level of theory and compared with previously reported results.
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Introduction
The study of the immediate molecular environment around solvated metal ions, primarily focused on the condensed-phase, has drawn much attention from both experimental and theoretical sides. More recent advances in ion sources and laser technology have spurred further investigations on this challenging research topic, with special emphasis on elucidating the structure and vibrational spectra in gasphase (see Refs. [1] [2] [3] [4] [5] and references therein). Such research work is of great significance as its results may benefit other fields of knowledge currently seeking molecular-level understanding on ion solvation to develop their own models. Among several examples reported in the literature, we mention the importance of Li + solvation in the context of the development of lithium-ion batteries [6] , as well as in the study of the binding mechanism of ions to biomolecules and selective ion permeation through narrow channel proteins in biological sciences [7] .
Similarly, atomic and molecular clusters are usually viewed as a bridge across disciplines [8] , since they have also attracted the attention of many researchers from several areas over the last decades. Such interest in cluster systems is mainly due to a marked variation of their properties with size. Indeed, clusters may be regarded as intermediate entities exhibiting size-dependent chemical and physical properties that connect the single atom or molecule with the corresponding bulk phase. Thus, by adding step-wise solvent molecules to the solute, it is possible to acquire a molecular-level perception of the solvation phenomena. From the theoretical point of view, the study of microsolvation of ionic species takes advantage of using state of the art optimization methods for discovering low-energy structures of the clusters formed by both the solute and the solvent molecules. According to this endeavor, we have developed in the last years unbiased evolutionary algorithms (EAs) that seek the global minimum structure of atomic [9] [10] [11] [12] [13] and molecular [14] clusters; these algorithms have been successfully applied to discover the global minimum of several atomic and molecular aggregates (see Refs. [15, 16] and references therein). Clearly, EAs are among the best methods for global geometry optimization of clusters, and they are known to over perform random search algorithms, like the so-called big-bang method [17] , as we have shown in a recent work [18, 19] .
Water is by far the most used solvent due to its abundance and chemical properties. A special role in the solvation phenomena is played by the large dipole moment of water, as well as its ability to establish hydrogen bonds. In particular, the relevance of the hydrogen-bond network to state the most stable structure in water clusters has been assessed by several authors [20] [21] [22] [23] [24] . Similar to water, methanol is another polar solvent exhibiting hydrogen-bond networks. Hence, (CH 3 OH) n clusters have been extensively studied in the literature [25] [26] [27] [28] [29] . In turn, water and methanol are frequently used as solvents in studies of microsolvation involving alkali ions. Microhydration of alkali ions has been studied by employing global optimization methods. Specifically, Hartke and collaborators [30] [31] [32] [33] have used their own EA [34, 35] to carry out a detailed investigation on the structural properties of Na + (H 2 O) n , K + (H 2 O) n , and Cs + (H 2 O) n clusters, while Wales and co-workers [36] have obtained putative global minimum geometries of Li + (H 2 O) n (for n ≤ 20). Also, the microsolvation of alkali-ions with methanol molecules have drawn the attention of several authors [32, [37] [38] [39] [40] [41] . In particular, García-Muruais et al. [39] performed a computational analysis of Li + (CH 3 OH) n (n = 1−5) at different levels of theory with the 6 − 31G * basis set and concluded that the first solvation shell of the metal-ion is saturated with four methanol molecules.
In turn, Wu et al. [40] used electrospray ionization (ESI) as an ion source to produce Li + (CH 3 OH) n (n = 1 − 10) clusters for further infrared spectroscopic measurements in the C-O stretching region, and observed a gradual blue shift of the corresponding frequency as n increased from 5 to 10, thus experimentally supporting the formation of a second solvation shell at n = 5 in this system. At the same time, based on the comparison of their experimental and DFT/B3LYP(6-31+G * ) calculated infrared spectra, those authors [40] made an additional effort to identify the structural features of Li + (CH 3 OH) n clusters for n = 5 − 7. In a recent work [16] , we have investigated the microsolvation of alkali-ions in nonpolar environments associated to aromatic rings. Specifically, we have employed an EA to discover putative global minima of clusters of Na + , K + , or Cs + solvated with up to n = 21 benzene molecules. The global intermolecular interaction was separated into benzene-benzene and ion-benzene contributions, using a potential model based on different decompositions of the molecular polarizability of benzene [42] . The electrostatic component ensures the model to accurately describe both the cation quadrupole and the quadrupole-quadrupole interactions at long-range distances, while the non-electrostatic part is given as a sum of pairpotentials (of two or three-body type) that are represented by improved LennardJones functions [43, 44] . We have concluded from this study [16] that the first solvation shell may allocate three (for Na + ) or four (for K + and Cs + ) benzene molecules, and its structure keeps essentially unchanged as more solvent molecules are added to the cluster. In turn, we have observed that "structure-breaking" effect on benzene is larger for the smaller cations (e.g., Na + ), which is in the same line as the findings obtained in the microsolvation of alkali-ions with water molecules [36, 45] .
The present work is committed with the microsolvation study of another alkaliion, i.e., Li + , in polar solvents that form important hydrogen bonds. The microsolvation of Li + with water is revisited, while putative global minima for Li + (CH 3 OH) n (n = 1 − 20) are obtained for the first time; both electronic structure calculations and commonly used non-polarizable empirical representations for the interaction potential have been employed. Besides the theoretical study of the energetics and structural properties of Li + (H 2 O) n and Li + (CH 3 OH) n clusters, we also aim to test the performance of our EA in discovering the global minimum geometry of such kind of systems. This is accomplished by comparing our results for the Li + (H 2 O) n clusters with those of González et al [36] that are available from the Cambridge Cluster Database [46] .
The plan of the paper is as follows. In Section 2, we present the interaction potential which has been used to model the Li + (H 2 O) n and Li + (CH 3 OH) n clusters. Also described in Section 2 are the EA employed in the global geometry optimization and the electronic structure calculations performed for the Li + (H 2 O) n and Li + (CH 3 OH) n clusters. The main results are presented and discussed in Section 3. Finally, the main conclusions are gathered in Section 4.
Computational methods

Interaction potential models
The total interaction potential, V cluster , for both types of clusters, that is Li + (H 2 O) n and Li + (CH 3 OH) n , was modeled as
where the two terms represent the solvent-solvent (water-water or methanol-methanol) and Li + -solvent interactions, respectively. The solvent-solvent term is composed by a sum of inter-monomer pair-potentials, where the electrostatic interaction is described by the Coulomb law and the dispersion-repulsion component is represented by a Lennard-Jones 12-6 function: in a pairwise additive manner involving inter-monomer pairs of sites:
In Eq. (2), n s designates the total number of sites in each solvent molecule (i.e., monomer), and j and k represent the interaction sites localized on monomers J and K, respectively; r jk is the inter-site distance, whereas , σ and q are parameters that must be specified for each jk-interaction. In the case of water, we have employed the extensively used four-site (n s = 4) TIP4P potential [47] , while the methanol-methanol interaction was represented by the six-site (n s = 6) OPLS-AA model [48] . In a similar way, the ion-solvent component of Eq. (1) is also modeled by a sum of pair-potentials involving Coulomb and LJ potential terms like in Eq. (2), but the summation runs, now, over all interactions between the Li + ion and the sites of the whole set of monomers.
It is worth noting that the TIP4P model [47] employs a single LJ site which coincides with the oxygen atom at each water molecule, while the three charge-sites are located at the two hydrogens and at a distance of 0.15Å from the O-atom, along the bond-angle bisectrix. Conversely, in the OPLS-AA model [48] , both LJ and charge sites coincide at the positions of the six atoms of the methanol molecule, which is kept fixed in its equilibrium geometry. The parameters for the ion-water LJ function were obtained by using the values of Dang [49] for Li + and the Lorentz-Berthelot combining rules. As for ion-methanol, the calculation of all the parameters for the six LJ functions was achieved by employing the geometric mean between σ Li + (or Li + ) and the corresponding value for similar sitesite interaction of two methanol molecules. In turn, the σ Li + and Li + parameters were computed by using the relations
where A I and B I are the van der Waals parameters estimated for Li + byÅqvist [50] .
Evolutionary algorithm
The global energy minima were located using our own evolutionary algorithm (EA). It is worth noting that this algorithm has shown [14] to be reliable for discovering the minimum energy structure of clusters of water (up to 20 molecules), benzene (up to 30 molecules), and cation benzene (up to 20 molecules). More recently, it has been also applied for the study of alkali-ions (i.e., Na + , K + , and Cs + ) microsolvation with up to 21 benzene molecules [16] . Since it was already fully detailed in the original paper [14] , here we just highlight the most relevant features of the optimization method. The EA randomly generates several initial solutions and then iteratively applies selection and genetic operators to seek for configurations with the lowest potential energy. The clusters are represented by fixing the lithium-cation at the geometric center of a 3D cube with edge length of 12Å. Then, each solution encodes the location of the N solvent particles by maintaining N six-tuples of the form:
The first three variables define the Cartesian coordinates of the i-th particle center of mass, while the remaining three specify the corresponding Euler angles. All solutions belonging to the EA populations are local minima. To accomplish this, initial random clusters and aggregates resulting from the application of genetic operators (see details below) are relaxed until convergence to the nearest local optimum. L-BFGS [51] , a quasi-Newton gradient driven local optimization procedure was selected for this task.
The EA operates as a fully generational architecture and, therefore, in every iteration the whole set of solutions is replaced. Three steps are applied to create a new generation:
1. Selection: The most promising clusters belonging to the current population,
i.e., the ones with the lower potential energy, are chosen as parents to bias the formation of the next set of solutions. Stochastic tournament selection is the operator applied in this step. 2. Crossover: Selected parents are randomly paired and exchange components, leading to the appearance of new aggregates. In the EA described in this work, we rely on simulated binary crossover [52] , a state-of-the-art arithmetic operator that has been successfully applied in cluster geometry optimization problems [14, 16] . 3. Mutation: Sigma mutation is applied to the clusters that result from crossover and slightly modifies the coordinates and/or orientation of a few solvent molecules. Mutated variables are updated with values drawn from a Gaussian distribution with mean 0 and standard deviation σ = 0.1.
After local optimization, the obtained solutions are evaluated and a new generation starts until a predetermined number of iterations is achieved. To prevent the disappearance of the best solution from one generation to the other, the EA contains an elitist operator. The optimization method offers the option to keep trace of a pool of local minima using energetic and structural similarity selection criteria. However, in the present study, rather than to attempt an exhaustive and systematic search of all minima for each cluster-number n, we have chosen to focus ourselves on the identification of the lowest energy conformations, mainly, global energy minima (GM). A number of preliminary tests allowed us to determine a robust EA setting that was adopted in all the calculations described in the next section: Number of runs: 30; Evaluations per run: 100000; Population size: 100; Tourney size: 5; Crossover rate: 0.75; Mutation rate: 0.1.
Electronic structure calculations
Cluster geometry electronic-structure optimizations and frequency calculations were performed using second-order Möller-Plesset perturbation (MP2) within the frozen-core approximation (note that then, Li + has only 1s core with no valence electrons to correlate) and density funtional theory (DFT) methods as implemented in GAMESS program [53] . The largest component of the gradient was required to be less than 1.0 × 10
0 . The calculations carried out at the MP2 level employed the double-ζ quality correlation consistent, polarized valence (ccpVDZ) basis set for Li via Basis Set Exchange [54] , with additional diffuse functions (aug-cc-pVDZ [55, 56] ) basis sets for water and methanol; in addition, single-point MP2/aug-cc-pVTZ calculations were also carried out for some structures that have been optimized at the less expensive MP2/aug-cc-pVDZ level of theory. The DFT calculations were performed with the Becke three parameter hybrid functional coupled with the Lee-Yang-Parr correlation functional (B3LYP [57, 58] ) and the 6-31+G * and 6-311+G * * basis sets [53] .
Results and discussion
This section is divided in two parts. First, the microsolvation of Li + by water, already treated in the same context by González et al. [36] , is revisited here to test the reliability of the EA for searching the global minimum structures of this kind of clusters. Second, we report putative global minimum structures of Li + (CH 3 OH) n (with n ≤ 20), as modeled with the OPLS-AA semiempirical potential described in Section 2, that were obtained with the EA, and such results are compared with the corresponding ones for Li + (H 2 O) n clusters. Moreover, by departing from some of the low-energy structures of both Li + (H 2 O) n and Li + (CH 3 OH) n , we have further optimized the geometry of the smallest clusters by employing ab initio and/or DFT methods. The geometry of all optimized structures are available from the authors upon request and the corresponding mol files can be downloaded from the present online article.
As we are dealing with the lithium cation surrounded by polar solvent molecules that can form hydrogen-bonds, both electrostatic and H-bonding noncovalent longrange interactions are simultaneously present in these systems. Thus, the lowestenergy structure of each cluster will result from the competition (or cooperation) of those components of the interaction. In addition, due to sterical repulsion between neighboring methyl groups, the formation of methanol H-bonded networks are expected to show extra difficulty in comparison with the water ones. In fact, the presence of CH 3 groups in methanol disturbs the ordered H-bonded network that can be found in water clusters.
Li
In a previous work, González et al. [36] reported putative global minima of Li + (H2O) n clusters for n ≤ 20, that were located with the basin-hopping algorithm [59] . Taking such minima as reference, we aim to test our EA by employing the same potential function as in Ref. [36] . Then, the global minima obtained with the EA are compared with the corresponding reference structures [36] , as reported in the Cambridge Cluster Database [46] (CCD). The main results of the comparison are shown in Table 1 . Concerning the energy of the clusters, it is clear from Table 1 that, in general, one obtains global minima with the EA that are slightly deeper than the corresponding ones in the CCD (i.e., ∆E < 0); the only exceptions are for n = 1, 2, and 3. Since the values of ∆E are always very small (i.e., less than 1 kJ mol −1 ), the energetic criterion should be complemented with a structural comparison to decide whether a new global minimum has been located.
The structural comparison of clusters has been carried out by means of the SAICS program [60] (free available from [61] ), which is able to distinguish between enantiomer structures. In fact, enantiomers are commonly appearing within lowsymmetry minima during the optimization process and they cannot be identified by an energetic criterion, because such specular-image structures correspond to the same point in the potential energy surface. In addition, SAICS is appropriate to compare chemical structures resulting from optimization procedures that may reorder the atoms or molecules (like in the EAs), since it applies the Hungarian algorithm [62, 63] to get the right order of the particles. In Table 1 , we show that the root mean square deviation (RMSD) obtained after the best overlap of the two structures with SAICS program is usually very small (e.g., 1.0 × 10 −3Å for n = 11), which is a clear evidence of the success of the EA in discovering the global minima. For some instances, however, the best overlap is only reached with the mirror-image structure (whose RMSD values are given in square brackets) and, hence, it indicates that the EA discovered an enantiomer of the global minimum reported in the CCD. A different situation occurs for n = 17, whose the structure resulting from the optimization with the EA, as well as its mirror-image, cannot overlap the corresponding one given in the CCD. The best overlap leads to a RMSD of 1.22Å, which points out to the discovery of a new global minimum of Li + (H 2 O) 17 with the EA; further discussion on the structure and energetics of the new minimum for n = 17 is given in the end of this subsection.
We also give in Table 1 the success rate of the EA (i.e., percentage of runs where the putative global minimum was found). It is clear that the success rate is notably high for up to n = 13, which is similar to the corresponding result obtained with the same EA for water clusters [14] . Since the complexity of the energy landscape increases with n, the success rate tends to decrease for larger clusters; particular difficult to discover are the global minima for n = 18 and 20, whose success rates become less of 15%. However, the new global minimum for n = 17 was reached by the EA in 6 runs out of 30.
In order to investigate the reliability of the semi-empirical potential model employed in the geometry optimization with the EA, we have re-optimized the first ten global minima structures by employing the MP2 ab initio method with the aug-cc-pVDZ basis set. All the ab initio structures are in good agreement with the departure geometries (i.e., the global minimum ones for the semi-empirical potential), which is shown by the almost coincidence of O − Li + distances in Figure 1 ; accordingly, the two lines linking the corresponding average distances are also essentially coincident. Moreover, the MP2/aug-cc-pVDZ optimized structures for the Li + (H 2 O) n clusters (with 1 ≤ n ≤ 6) are in reasonable agreement with other reports [64] [65] [66] [67] that used different levels of theory.
Most of the features associated to the growing pattern of the Li + (H 2 O) n are also apparent from Figure 1 . We observe in this figure that all clusters up to n = 20 present a set of small distances associated to the first solvation shell; the number of water molecules directly coordinated to the ion (i.e., the coordination number, CN) is given in Table 2 . In the first solvation shell, all ion-water distances keep essentially at the Li + -water equilibrium geometry (i.e., ∼ 2.0Å), although larger values with some oscillation arise for n ≥ 14 in order to accomodate extra water molecules and, hence, increase CN. Indeed, Table 2 shows that, after the completeness of the first solvation shell at n = 4, CN keeps as four for most of the clusters, but one obtains global minimum structures with CN=6 and CN=5 for n = 14 and n = 17−19, respectively. Somehow, this contrasts with our results [16] on the solvation of alkali-metal ions (Na + , K + and Cs + ) with benzene, where the number of solvent molecules that are directly coordinated with the ion keeps the same value as the cluster grows up.
It is interesting to observe in Figure 2 that Li + is localized in a peripheral position in relation to the center of the structure for most of the Li + (H 2 O) n clusters; as previously pointed out [36] , this result is in agreement with molecular dynamics simulations [68] . Only for n = 2−4 and 6, the ion occupies the center of the cluster, which is due to the strong influence of Li + that is able to "break" the structure of the solvent to originate the first solvation shell. Such "structure-breaking" effect is attenuated beyond the first solvation shell, since the competition between the hydrogen-bond network and the ion-solvent most favorable orientation becomes more relevant, and tends to favor the former, as more water molecules are added to the cluster. This competition is particular evident for n = 14 and 15 (see Figure 2) . In the former, the ion tends to occupy a more central position, thus favoring the ion-solvent interaction (see below) and the increase of CN to six (as mentioned above); clearly, this behavior is associated with the "structure-breaking" effect, which has been already noticed for Na + (H 2 O) n clusters [33, 45] . For n = 15, the ion occupies now the most off-center position observed for the present set of Li + (H 2 O) n clusters, which leads to increase significantly the number of H-bonds (see below) with CN=4, and hence showing a weaker "structure-breaking" effect.
Additionally, Figure 1 shows that there is a more clear distinction, in terms of O − Li + distance, between water molecules in the first two solvation shells than among the more external ones. For example, a first molecule arises in the third solvation shell for n = 9, but the corresponding O − Li + distance is only ∼ 0.4Å greater than for the n = 8 most external water molecule which is still located in the second shell. In turn, the n = 14 is very compact (with no molecules in the third solvation shell), while the n = 15 global minimum is, by contrast, the only one presenting a fourth shell (with ∼ 7Å as the largest O − Li + distance). This is also apparent from the minimum (for n = 14) and the maximum (for n = 15) in the curve of the average distance and it is a clear indication of the competition between the ion-water and water-water interaction energies. A similar behavior has been recently observed [16] for Na + -(C 6 H 6 ) 14 and Na + -(C 6 H 6 ) 15 . We also compare in Table 2 the number of H-bonds for Li + (H 2 O) n clusters with the corresponding value for the global minima of (H 2 O) n aggregates [46] modeled with the TIP4P potential. As expected, the number of H-bonds diminishes for each Li + (H 2 O) n cluster in relation to the corresponding aggregate of pure water. The loss of H-bonds due to the presence of Li + in the water oscillates as n increases: it varies from a minimum difference of three H-bonds for n = 7, 9, 10, and 19 (excluding the special case of n = 1, which has only one H-bond) to a maximum difference of five H-bonds for n = 8, 12, 14, 16, and 18. In turn, it is apparent from Table 2 that the increase in the number of H-bonds with the addition of a water molecule changes with the size of the cluster, but without showing a well definite pattern. Whilst for most of the (H 2 O) n clusters an additional water molecule leads to form between 1 and 3 extra H-bonds (only for one instance there is no H-bond formation), the corresponding gain in H-bonds for Li + (H 2 O) n is two in more than 50% of the cases. Due to the competition between water-water and ion-water interactions in Li + (H 2 O) n , a greater variety of situations arises for the increase in the number of H-bonds: one gets zero up to n = 4 (i.e., while the first solvation shell is formed) and, also, for n = 14 (where the larger CN is obtained); an increase of one H-bond occurs for three clusters, while 3 and 4 arise only once (for n = 9 and n = 15, respectively). Related to this, we observe in Figure 3 that the ion-solvent contribution for the energy of the clusters increases significantly (becomes more negative) up to the completeness of the first solvation shell, while the solvent-solvent component is zero or slightly positive. Conversely, for n > 4 the solvent-solvent (ion-solvent) contribution tends to increase (to keep approximately constant). Nonetheless, deviations from this general trend arise for n = 14, 17, and 20, where variations in the values of CN are observed (see Table 2 ).
We now concentrate on the analysis of the new global minimum obtained with the EA for the Li + (H 2 O) 17 cluster. In Figure 4 , we represent two views for both the n = 17 new global minimum (lower panel) and the lowest-energy structure reported by González et al. [36] for the corresponding cluster (upper panel). It is apparent from this figure that the lithium ion is located on the surface of the cluster for both structures. However, CN is 5 for the new global minimum, which contrasts with a CN value of 4 for the structure reported by González et al. [36] . Thus, the very small energy gap arising for the two structures is due to the competition between the interactions water-water and ion-water; the latter has a major contribution for the new global minimum, while the former stabilizes the second lowest-energy structure. The increase in the ion coordination number leads to reinforce (diminish) the ion-solvent (solvent-solvent) contribution for the energy of the cluster, which is clearly shown in Figure 3 by the peaks in the corresponding ion-water and water-water energy components for n = 17. Nonetheless, the number of H-bonds for the second lowest-energy structure is even smaller than for the global minimum one (cf. Table 2 ). This indicates that the energetic ordering of the solvent-solvent interaction component of the two isomers does not directly correlate with the number of H-bonds; Fanourgakis et al. [69] have obtained a similar achivement by performing high-level ab initio calculations for different isomers of (H 2 O) 20 .
In turn, we performed a re-optimization of the two isomer structures shown in Figure 4 by employing the MP2 ab initio method with the aug-cc-pVDZ basis set. The corresponding optimized structures are similar to those in Figure 4 , but the isomer with CN=5 resulted to be less stable (E MP2 = −1304.112436 E h ) than the structure with CN=4 (E MP2 = −1304.121047 E h ). Then, we carried out single-point MP2/aug-cc-pVTZ calculations for such optimized geometries and the energies so obtained are −1305.261048 E h and −1305.270918 E h for CN=5 and CN=4 structures, respectively. At the same levels of theory, the binding energies of the clusters can be calculated as
where the three terms are, respectively, the energies of the cluster, and of both isolated ion and water molecule. The calculated difference in the binding energies of the two isomers is ∆E b ∼ 23 kJ mol −1 (∆E b ∼ 26 kJ mol −1 ) for the aug-ccpVDZ (aug-cc-pVTZ) basis set, favoring the CN=4 structure over the CN=5 one. To investigate the reason for such reverse in the energy-order of the two structures, we carried out an energy decomposition analysis (EDA). Within the EDA adopted [41] , the binding energy is partitioned into the contribution of interaction among water molecules in the hydrated Li + complex (∆E S ), and the corresponding water-Li + contribution (∆E M ), i.e, E b = ∆E S + ∆E M . The first contribution is given by
where
# n is the energy of an aggregate with n neutral water molecules whose structure is fixed at that of the Li + − (H 2 O) n cluster. In turn, the water-Li + contribution is calculated by employing the expression:
The calculated values of ∆E b , ∆E S and ∆E M are given in Table 3 for both aug-ccpVDZ and aug-cc-pVTZ basis sets. From those values, it follows that, as expected, ∆E M is larger in magnitude (more negative) for the more coordinated structure. However, such gain in the water-Li + energy contribution is achieved at the expense of a less favorable water network (∆E S becomes smaller in magnitude), leading to a less negative binding energy; these outcomes are independent of the considered basis set. Thus, the water-water interaction plays a major role in determining the lowest energy configuration for this cluster size.
The global minimum structures of the Li + (CH 3 OH) n clusters, as modeled with the OPLS-AA potential, that have been discovered by the EA are represented in Figure 5 . A first glance to this figure shows that, like in water, the lithiumion is preferentially located on the surface of the cluster. Perhaps, such feature becomes more clear by the inspection of Figure 2 (already commented above in the context of the solvation by water), where it is possible to see that the position of Li + coincides with the center of the cluster only for n = 4. In fact, the first solvation shell is completed with four methanol molecules, i.e., the same pattern as for Li + (H 2 O) n clusters. In addition, Table 4 shows that the Li + (CH 3 OH) n global minima keep the same CN=4 up to n = 9, and also for n = 12. However, nine of the Li + (CH 3 OH) n clusters have 5 methanol molecules coordinated to Li + in the first solvation shell. This increase in the value of CN leads the ion to be localized less off-center than in neighbor clusters with CN=4, which is true for n = 10, 11, 13 − 16 (cf., Figure 2 ). The global minimum for n = 20 corresponds to a peculiar structure with CN=6 (see Figure 5 ). Nonetheless, as we can see from Table 4 , such increase of the CN value does not correspond to a decrease in the number of H-bonds that are formed when an extra methanol is added to the cluster. In contrast to the results reported for the solvation with water, the addition of a methanol molecule leads to the formation of one H-bond for most of the cases; only for 3 instances (i.e., those corresponding to the formation of the first solvation shell) one has no formation of H-bonds upon the addition of a methanol molecule, while in 4 situations the number of H-bonds formed increases to two. Thus, the structural differences observed for the Li + (CH 3 OH) n as n increases are mainly due to the rearrangement of the first solvation shell to accomodate an additional methanol molecule rather than the larger changes in the H-bond network shown for the solvation with water. Moreover, it is worth noting in Table 4 that, in pure methanol clusters, the formation of one (two) H-bond(s) per methanol added to the structure occurs for 18 cases (only 1 case). Hence, the largest loss of H-bonds due to the presence of Li + in methanol is four for n = 4. Then, as the first solvation shell is completed, the number of H-bonds in the Li + (CH 3 OH) n clusters tends to approach the value of the corresponding pure methanol clusters (whose global minima were also obtained with the EA for the OPLS-AA potential); the number of H-bonds of both (CH 3 OH) n and Li + (CH 3 OH) n clusters becomes coincident for n ≥ 12, which contrasts with the rather slow convergence noticed in previous subsection for the solvation with water.
We have used the low-energy structures obtained with the EA as starting geometries for a re-optimization at the DFT/B3LYP(6-31+G * ) level of theory; these DFT optimizations were extended up to n = 7. The lowest-energy structures up to n = 5 so obtained are consistent with the corresponding ones reported by Wu et al. [40] at the same level of theory. For n = 6 and n = 7 (the highest value of n reported by Wu et al. [40] ), however, our results improve the lowest-energy structures with those given in Ref. [40] . In fact, the global minimum structure of Li + (CH 3 OH) 7 displayed in Figure 6 shows two methanol molecules in the second solvation shell, each one establishing two H-bonds with two inner solvent molecules, and another methanol in a third shell; in contrast, the two structures reported in Ref. [40] (that were designated as LIM7I and LIM7II) at the same level of theory are less stable and show only one methanol in the second solvation shell that establishes two H-bonds with two first-shell molecules. Although a more detailed discussion about the structure of the Li + (CH 3 OH) 6 is presented in the end of this section, it is already clear that the use of our EA to generate adequate starting geometries for the re-optimization at higher levels of theory is crucial to obtain the lowest-energy structures, especially when dealing with large and fluxional clusters like the present ones.
We have also calculated the frequencies associated to the methanol molecules in the global minima obtained by the DFT/B3LYP/6-31+G * optimization up to n = 7. Special attention has been given to the C-O and O-H stretches whose frequencies are represented in Figure 7 . As can be seen from Figure 7 , the methanol C-O stretch frequencies show a smooth increase (blue shift) of about 50 cm
from n = 1 to n = 4, and then continue upwards with a smaller slope of the mean-values curve. However, some scatter in the values of the C-O frequencies is observed for n ≥ 5, which may be attributed to the methanol-methanol interaction that becomes more important as the first solvation shell is completed. Indeed, as described for neat neutral methanol clusters [25] , the hydrogen-bond formation between the methanol molecules occupying different solvation shells is able to produce a blue shift in the C-O stretch. It is worth noting, however, that the C-O frequency is quite affected by the presence of the lithium ion, since it shows a value of 1051 cm −1 for the isolated methanol while falling down to 974 cm
in the Li + (CH 3 OH) 1 cluster. Conversely, the O-H stretches keep approximately the same frequency as in the isolated methanol (3760 cm −1 ) up to n = 4 (i.e., the completion of the first solvation shell). For n = 1 up to n = 4, there is a small shift to the blue by ∼ 25 cm −1 . However, the mean value of the O-H frequencies decreases (red shifted) when the methanol molecules begin to occupy the second solvent shell (i.e., for n ≥ 5); also, a strong scatter in the values of the O-H frequencies occurs for n ≥ 5 (though some O-H frequencies of firstshell molecules keep approximately the value of the isolated methanol), since the methanol molecules in the second solvation shell may experiment different chemical environments. Thus, this behavior reinforces the experimental observation [70] that the vibrational frequencies of O-H stretches in the methanol molecules are mostly determined by solvent-solvent interactions (i.e., due to the formation of hydrogen bonds).
Finally, to further investigate the Li + − (CH 3 OH) 6 cluster, we have used several promising candidates to be the global minimum among the huge number of stationary structures spanning a small energetic window. As mentioned above, such structures obtained with the EA were re-optimized, first, at the B3LYP/6-31+G * level of theory and, successively, with the larger B3LYP/6-311+G * * basis set. The hierarchical process ends up with an additional re-optimization where we have employed the aug-cc-pVDZ basis set with the MP2 method; although such level of theory has been considered reliable for hydrogen-bonded systems [71] , we have performed single-point MP2/aug-cc-pVTZ calculations to assess the energy order of the isomer structures with further accuracy. This set of successive op-timizations (or single-point calculations) allowed to reach significant results, but it is important to emphasize at this stage that the choice of various candidate structures to be re-optimized is crucial, since we have no guarantees a priori that the OPLS-AA global minimum leads to the ab initio or DFT lowest energy; for instance, departing from the global minimum obtained for Li + − (CH 3 OH) 6 cluster with the EA, we could not reach the lowest-energy structure after re-optimizing at the B3LYP/6-31+G * level, and it becomes a saddle-point when relaxing the geometry with the larger B3LYP/6-311+G * * basis set. In what follows, we concentrate our discussion on the two lowest-energy structures so obtained for the Li + − (CH 3 OH) 6 cluster. A survey of the energies obtained for the two structures after the optimizations employing DFT and MP2 methods is given in Table 5 ; it is apparent from this table that the two isomer structures keep the same energetic order for the three levels of theory. The structure labeled as 4 + 1 + 1 in Table 5 is similar to the lowest-energy cluster obtained by Wu et al. [40] (that was designated as LIM6I), and it has 4 methanol molecules in the first solvation shell, one in the second, and another in the third. In turn, the structure designated as 4 + 2 in Table 5 is, indeed, the global minimum in the DFT and MP2 potential energy surfaces, and it shows two methanol molecules in the second solvation shell. To allow a fair comparison with the results of Ref. [40] , we represent in Figure 8 the 4 + 1 + 1 structure and the corresponding infrared spectrum calculated at the DFT(B3LYP/6-31+G * ) level of theory. It is clear from this figure that the 4 + 1 + 1 minimum reproduces the LIM6I structure and its main spectroscopic features (see Figure 2 and Figure 4 of Ref. [40] ). Similar data is displayed in Figure 9 for the 4 + 2 minimum which is the most stable structure. It is interesting to notice in these figures that the calculated infrared spectrum of the 4 + 2 structure shows two distinct bands centered at ∼ 990 cm −1 and ∼ 1025 cm −1 , while in the 4 + 1 + 1 local minimum the two bands are quite mixed with two main peaks at ∼ 1010 cm −1 and ∼ 1025 cm −1 (in agreement with the calculations carried out in Ref. [40] ).
It is worthnoting that Wu et al. [40] had attributed the changes in the experimental spectra of Li + (CH 3 OH) n clusters (for n ≥ 5) to a combination of charge diffusion and multi-layer solvation effects. Although an unambiguous identification of the different isomers was not possible in Ref. [40] , the visual comparison between the vibrational predissociation spectra and the corresponding calculated spectra of various isomers for each cluster size appears to indicate a multi-layer solvation of Li + with methanol. In particular for n = 6, one of the peaks of the vibrational spectrum for the 4 + 1 + 1 structure (i.e., the lowest-intensity band in Figure 8 ) is compatible with the maximum experimentally observed [40] at ∼ 1027 cm −1 . Nonetheless, we should emphasize that the calculated spectrum of the 4 + 2 global minimum structure shows the highest-intensity band in the frequency region of the experimental maximum (see Figure 9) ; hence, it is also compatible with the experimental spectrum obtained in Ref. [40] for the Li + (CH 3 OH) 6 cluster.
Conclusions and final remarks
We have employed a methodology based on EAs to search for low-energy minima of clusters resulting from the microsolvation of the lithium ion with polar solvents that establish important hydrogen-bonds. In particular, the Li + (H 2 O) n and Li + (CH 3 OH) n clusters, modeled with commonly used force-field potentials, were studied up to n = 20. Since putative global minima for Li + (H 2 O) n clusters are available in literature, we could test the performance of our EA to discover the lowest-energy structures for this kind of systems. The EA was able to discover all the global minima up to n = 20 and it even discovered a new lowest-energy structure for Li + (H 2 O) 17 . This new structure shows five water molecules in the first solvation shell, while the corresponding number for the second lowest-energy minimum is only four. However, the re-optimization of these two n = 17 structures at the MP2/aug-cc-pVDZ level of theory leads to an energy reorder, which has been attributed to the water-water interaction; a similar conclusion is obtained after single-point MP2/aug-cc-pVTZ calculations. Conversely, the application of the same re-optimization process for Li + (H 2 O) n clusters up to n = 10 leads to structures that are similar to those obtained with the EA.
As for the Li + (CH 3 OH) n clusters modeled with the OPLS-AA potential, putative global minimum structures were obtained up to n = 20 with the EA for the first time. For comparing the number of H-bonds established, we have also searched for the global minimum of pure methanol clusters up to n=20. Hence, the number of H-bonds of both (CH 3 OH) n and Li + (CH 3 OH) n clusters lead for the same value for n ≥ 12, which contrasts with the rather slow convergence noticed in the microsolvation of Li + with water. Although both Li + (H 2 O) n and Li + (CH 3 OH) n clusters close the first solvation shell with four solvent molecules, most of the global minima for larger Li + (CH 3 OH) n show five methanol molecules directly coordinating the ion, while such number is four in the case of the solvation with water. Nonetheless, excluding the small-size clusters, the lithium ion prefers to be located on the surface of the structure for both Li + (H 2 O) n and Li + (CH 3 OH) n , which is due to the increasing importance of the H-bond network beyond the first solvation shell.
By using the geometries of low-energy minima obtained with the EA for Li + (CH 3 OH) n , we have applied an hierarchical re-optimization to achieve more realistic structures. In this procedure, the structures were successively re-optimized at DFT(B3LYP/6-31+G * ) level, followed, then, with the larger B3LYP/6-311+G * * basis set and, for the smaller clusters, with the MP2/aug-cc-pVDZ; for Li + (CH 3 OH) 6 , extra singlepoint MP2/aug-cc-pVTZ calculations were carried out. It becomes apparent from this work that, due to the more fluxional character of the Li + (CH 3 OH) n clusters (that show a huge number of stationary configurations within a small energy range), the energy reorder after reoptimization is quite often in comparison with the corresponding Li + (H 2 O) n aggregates. Because of this, it is usually common to miss low-energy minima and, in particular, the global one, when guided by the chemical intuition one builds starting geometries for being optimized with electronic structure methods. Indeed, by employing the present methodology, we have discovered new global minima structures for both Li + (CH 3 OH) 6 and Li + (CH 3 OH) 7 that were absent in a previous work [40] . This was confirmed for Li + (CH 3 OH) 6 by calculating and comparing the vibrational frequencies in the C-O stretching region; also, the new global minimum (i.e., the 4 + 2 structure) for Li + (CH 3 OH) 6 is compatible with the experimental spectrum [40] . In addition, we noticed that the mean value of the O-H frequencies are shifted to red when the methanol molecules begin to occupy the second solvent shell, which is accompanied by a strong scatter in the single values of the O-H frequencies, because the methanol molecules in the second solvation shell experiment different chemical environments. This reinforces the experimental observation [70] that the vibrational frequencies of O-H stretches in the methanol molecules are mostly determined by solvent-solvent interactions, mainly due to the formation of H-bonds. a) The following notation is adopted: 5.9(-4) means 5.9 × 10 −4 . b) New global minimum structure (CN=5) discovered by the EA. In contrast, ∆E = −0.7172 kJ mol −1 for the second lowest-energy minimum (CN=4) obtained by the EA and whose structure matches the GM one reported in [36, 46] factor as in Ref. [40] 6 confirmed by the calculated vibrational spectrum
